We have performed an experiment to measure accurately the Landau-Pomeranchuk-Migdal (LPM) effect in the production of 5 to 500 MeV photons due to bremsstrahlung of 8 and 25 GeV electron beams traversing thin (2 to 6% Xc) targets of varying densities. Our measurements confirm that the LPM effect exists and that the Migdal calculations are accurate. We see that, for thin targets, LPM suppression disappears leaving a BetheHeitler spectrum, as predicted by theory. For intermediate target thicknesses, we lack an acceptable theory, but have measured energy spectra for targets of differing thickness.
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I. INTRODUCTION
In the early 195Os, a group of Russian theorists led by Landau, Pomeranchuk, Migdal, and Feinberg realized that .
because of the low longitudinal momentum transfer between the nucleus and the electron, bremsstrahlung is not really a point interaction, but occurs over a finite formation zone. While the electron traverses this formation zone, external influences can perturb the electron and suppress or enhance the photon emission, causing the traditional Bethe-Heitler (BH) formulae to fail. A well known example of this is crystal channeling, where photon emission by bremsstrahlung can be enhanced. Another example, discussed below, is the suppression of low-energy photons when the photon energy becomes comparable to the electron gamma times the plasma frequency of the media. A third example is the suppression of bremsstrahlung when multiple scattering disrupts the electron trajectory; this is known as the Landau-PomeranchukMigdal (LPM) effect, after its discoverers.
_ Initially, Landau and Pomeranchuk used semiclassical arguments to determine that multiple scattering can change the l/w, photon spectrum to l/,& [l] . Migdal later used scattering theory to quantify the effect more fully [2] . The classical diagram for bremsstrahlung is presented in Fig. 1 . An electron emits a photon, conserving momentum by exchanging a virtual photon with a nearby nucleus. The transverse momentum exchanged with the nucleus is up to the mass of the electron, m. However, the longitudinal momentum transfer is much smaller,
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where p,, p:, E,, and EL are the electron momentum and energy before and after the interaction, respectively, and E, is the photon energy. For high-energy electrons this simplifies to
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where y is E,/m, and the latter relationship only holds for E,< E,.
This momentum transfer can be very small. For example, for a 25 GeV electron emitting a 100 MeV photon, 911 -is only 0.02 eV/c. Then, by the uncertainty principle, the virtual photon exchange distance is finite, cy2/w,. For a 1,OO MeV photon from a 25 GeV electron, the formation zone is 10pm long.
The LPM effect comes into play when one considers that the electron must be undisturbed while it traverses this distance.
One factor that can disturb the electron, and suppress the bremsstrahlung, is multiple Coulomb scattering.
If the electron multiple scatters by an angle 0~s~ greater than the emission angle of the bremsstrahlung photon, 0~3~ m/Ee= l/y, then the bremsstrahlung is suppressed.
One parameterization for multiple scattering is where E, is the characteristic energy, m.rn, = 21 MeV, 1 is the target thickness, and Xe is the radiation length. At low enough photon energies, the phase shift due to the effect of the medium on the photon, taken over the formation length, can become significant, and introduce a destructive interference. This effect is called the longitudinal density effect. In particle language, this phase shift occurs because the emitted bremsstrahlung photons undergo coherent forward Compton scattering off the electrons in the medium.
In classical electromagnetic language, the phase shift is due to the dielectric effect of the medium. The contributions to the photon amplitude, exp (i(lc . z -wt)), from different parts of the electron path through the formation zone can interfere, and photon emission is suppressed [7] . This effect is related to the dE/dx (t ransverse) density effect discussed by Fermi. The density effect is significant for photon energies less than rywp, where wp is the plasma frequency. For a given material, this occurs at a fixed E,/E,, and the suppression factor is [8] ~density ffno-density
where n is the electron density, r, is the classical electron radius, and X, is the electron Compton wavelength. The density effect becomes important for x = ET/E,< 10m4 in lead, and 5.5~10~~ in carbon. Below these energies, dN/dE,-ET2, removing the divergence.
In addition to disruption due to multiple scattering and dielectric effects, it is also possible for a magnetic field to suppress the bremsstrahlung. Magnetic suppression begins at an energy at which the bending due to the magnetic . -field, taken over the formation zone length, is larger than the bremsstrahlung emission angle l/r. This happens for photon energy fractions x< 27B/B, where B, is the critical magnetic field, mzc3/etL= 4.4 x 1013 Gauss [9] .
III. IMPLICATIONS OF THE LPM EFFECT
The LPM effect is relevant in a wide variety of physics applications. One of the most obvious applications is in -calorimeters designed to study TeV particles, for example at TeV Linear Collider (TLC), Large Hadron Collider (LHC), or Next Linear Collider (NLC). All of these colliders can produce multi-TeV electrons, for which the LPM effect is large. Figure 2 shows one example, comparing the LPM and BH cross sections for a 1 TeV electron in uranium.
The area under the energy-weighted cross-section curve is inversely proportional to the radiation length; it increases by about 5% due to the LPM correction. However, the major change is an increase in granularity of the showers, due -to suppression of low-energy photons which would fill out the showers. This makes electromagnetic showers appear more like hadronic showers, reducing electron-hadron separation. For example, electrons may mimic pions in tau decays. Unfortunately, no calorimeter design studies include the LPM effect; the effect is omitted from both EGS and GEANT, although suppression due to dielectric effects is included in GEANT, but labeled as the Migdal effect.
Analogous effects can occur in beamstrahlung [lo] .
The effects of LPM suppression on cosmic ray air showers have been discussed by many authors [ll] . In exceedingly high-energy (above lo'* eV) photon-induced air showers, the LPM effect increases the graininess of the shower, and changes the shower particle density distribution used in determining total shower energy. Current air shower
. _ detectors are insensitive to this effect, but future detectors will be more sensitive. Another potential impact occurs for electromagnetic showers from high-energy v, as might be produced by active galactic nuclei, and be observed by DUMAND (121.
The electronic LPM effect has a number of analogs in nuclear physics involving quarks and gluons moving through matter. Just as the original LPM effect predicts that photon emission from electrons traveling through dense charged matter can be suppressed, the nuclear analog predicts that gluon emission from quarks and gluons traveling through dense nuclear matter will be suppressed. Although the nuclear length scales are small, the elastic-scattering cross section is large, so the suppression is large. Brodsky and Hoyer have recently derived limits on color dE/dx, using formalisms similar to those used in LPM papers [13] . However, all analyses of QCD analogs are complicated by the strong-coupling nature of &CD, which makes interpretation of the data less than straightforward.
Another system in which LPM-type suppression appears is stellar interiors. Because the particles are nonrelativistic, it is easier to think temporally, comparing the Heisenberg emission times, calculated via the energy transfer with the average time between collisions. Because the density is very high, collisions are very frequent, leading to suppression of particle emission by nuclear bremsstrahlung. Raffelt and Seckel have shown that because the nucleon collision rate r cOll far exceed8 the oscillation frequency of neutrino or axion radiation [14] , production of these exotic particles is suppressed, and a number of existing limits will need to be reexamined.
IV. PREVIOUS EXPERIMENTS
A number of previous experiments have attempted to study the LPM effect and dielectric suppression. Except for a 1975 Soviet experiment, all of the LPM studies have used cosmic rays.
Most of the cosmic ray experiments were performed during the 1950s [15] , with a few more recent results [16] . Most have looked at the depth of pair conversion in a medium for high-energy photons. They qualitatively confirmed the . _ LPM effect, but with very limited statistics.
An experiment at Serpukhov [17] using 40 GeV electrons, was troubled by limited statistics, large systematic errors, and muon background, and so only produced a qualitative agreement with the LPM theory. The electrons transited a thin target, were bent by a magnet, and disposed of. A NaI crystal detected 20-80 MeV bremsstrahlung photons.
The experiment suffered from large backgrounds, including bremsstrahlung in the air around the target and in the defining scintillation counters, debris from electrons hitting beam pipe walls, and synchrotron radiation.
Most of the experiments that have reported results on dielectric suppression were done by an Armenian group -using electrons in the 1 GeV range to generate N 100 keV photons.
The experiments were optimized for transition radiation, but they have reported some results with solid targets, albeit of mixed quality [18].
Our experiment followed the general model of the Soviet LPM experiment but differed in almost all the particulars, to avoid the backgrounds that caused them trouble, and to measure several additional facets of the LPM effect.
-- To minimize backgrounds, the electron path visible to the calorimeter and the photon flight path are kept in vacuum.
A. Targets -The targets used are shown in Table 1 . We used materials of a variety of densities and atomic numbers. The thicknesses chosen were a compromise between minimizing multiple photon emission from a single electron traversing the target, and maximizing the bulk LPM emission compared to edge effects. For most of the target materials, we used two targets with differing thicknesses. This allows a check on thickness-dependent effects, and for the possibility of removing edge effects by spectrum subtraction.
The targets were held in a seven-position target holder. During data acquisition, we cycled through the targets, typically changing targets every two hours. One position in the holder was always kept empty to allow us to take no-target background data. Another held a l-cm-square silicon diode. The diode was sensitive to minimum ionizing -particles, and was used periodically to measure the beam size and position.
B. Calorimeter
The BGO calorimeter, built in 1984 [21] For this experiment, we used a number of methods to recalibrate the calorimeter, to obtain both an absolute energy calibration and a crystal-tocrystal intercalibration.
The primary tools for measuring the relative gain were cosmic-ray muons, selected by a scintillator paddle trigger. Nearly vertical cosmic rays were selected, and the gain in each crystal was adjusted to produce equal signals.
The primary method for obtaining the absolute calorimeter gain was to run 400 and 500 MeV electron beams directly into the calorimeter. This calibration can be checked by comparing the electron energy loss, measured by the wire chamber, with the energy measured in the calorimeter. Because of the steeply falling photon spectrum and the non-Gaussian errors in the momentum measurement, this is a difficult measurement, but is useful as a check. . _ At very low energies, we took calibration data with a 6oCo source, which emits photons in pairs, with energies of 1.173 and 1.333 MeV. A scintillator triggered on one of the photons, providing an unbiased trigger for the other photon to interact in the BGO.
At this point, we estimate that the calorimeter calibration is accurate to 10%. In the future, this error should be roughly halved.
C. Spectrometer
-The 18D72 bending magnet and the wire chamber8 formed a spectrometer which measured the momentum of the outgoing electrons. The 3.25 T-m field bent 25 GeV electrons downwards by 39 mrad, or 58 cm at the wire chambers, which were 15 meters downstream. The six wire chamber planes had a 2 mm wire spacing. Four of the planes provided y (momentum) information and the other two planes were angled to provide side to side positional information. With the 2 mm wire spacing and the 15 meter lever arm, we achieved a 100 MeV energy resolution, adequate to suppress many types of backgrounds, and to help calibrate the calorimeter.
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D. Beam
The experiment required a beam intensity of about 1 electron per pulse. Because it would be very uneconomical to run the SLAC linac to produce a single electron per pulse, we devised a method to run parasitically during SLC/SLD operations, by using the particles that SLC throws away [20] .
To do this, we took advantage -of the roughly 10% of the SLC beam that, during normal operations, is scraped away ' by the collimators in sectors 29 and 30 of the SLAC linac. Because the collimators are only 2.2 Xe thick, a usable flux of high-energy photon8 emerges from the back and sides of the collimator. A small fraction of these photons travel down the beampipe, past the magnets that bend the electrons and positrons into the SLC arcs, and into the beam switchyard.
There, we placed a 0.7-radiation-length target to convert these photons into e+e-pairs. A fraction of the produced electrons were captured by the A-line optics and transported into the end station.
Although it sound8 like a Rube Goldberg contraption, this process worked extremely well, and the beam size, divergence, and yield matched our simulations. At 8 and 25 GeV, the beam intensity was in the l-100 electrons/pulse range. To minimize the spot size in the calorimeter, the beam optics were adjusted to produce a virtual focus at the calorimeter; photon spot sizes there were typically a few mm in diameter.
The beam spot was stable enough and small enough that beam motion was not a problem.
VI. DATA ANALYSIS AND RESULTS
This analysis will only consider events containing a single electron. While multiple electron events can be used to .
-study systematic effects and improve the statistics, their analysis is more involved and will not be discussed here.
Single electron events were selected by requiring that the energy deposition in the lead glass blocks match that for a single electron, with no energy deposited in the veto counters which detected lower energy electrons. The photon energy was found by summing the energies of hit BGO crystals using a cluster-finding algorithm.
The cluster finding reduced the noise level by eliminating random hits. The energies were histogrammed logarithmically using 25 bins per decade of energy, so that each bin had width AE N lO%E. The logarithmic binning was chosen because a l/E, BH spectrum will have an equal number of events in each bin, simplifying the statistical analysis.
A. Backgrounds and Monte Carlo
The backgrounds to the LPM measurement were small. The major background-related correction is for multi-photon -pileup, when a single electron emits two bremsstrahlung photon8 while traversing the target. This correction is accounted for in the Monte Carlo simulation.
The Monte Carlo tracked electrons through the material in small steps, allowing for the possibility of bremsstrahlung in each step. Transition radiation as electrons enter and leave the target, is also very small, amounting to an average of 14 keV per electron, with the photon spectrum extending only up to ywp, the same energies at which the longitudinal density effect occurs [23] . So, this background is negligible above 5 MeV.
The photonuclear cross section is a small fraction of the bremsstrahlung cross section. In addition, the chance of a photonuclear interaction mimicking bremsstrahlung in our detector is very small, so photonuclear interactions should have negligible effect on our data.
The non-target-related backgrounds were checked by taking data with an empty target holder. This showed that _ -our backgrounds were indeed very low, typically 0.1% of a photon per electron. Compared with the 2060% per electron chance of a bremsstrahlung photon, it is clear that the non-target-related backgrounds are indeed small.
Most possible target-related backgrounds should distribute photons all over the calorimeter, in contrast to . _ bremsstrahlung, which should be concentrated in the center. The observed paucity of hits away from the central region indicates that target related backgrounds are also small.
B. Results
We present our results in comparison with two Monte Carlo calculations, one for the BH spectrum and the other including the LPM and longitudinal density effects. Figure 4 compares the result of our calculations with the data for 2% X0 and 6% carbon radiators. The dashed line on the 2% plot shows the raw BH cross section; multiphoton -pileup is a large effect even for the relatively thin targets. The two spectra differ below about 10 MeV; the data shows a downturn which matches the LPM spectrum. In this and successive plots, we have adjusted the normalization to match the data. For 2% carbon, this was a 6% adjustment; for the other samples the normalization adjustment is between 3% and 7%; this is within the range of our systematic errors.
The LPM effect is much more significant in denser, high Z targets. Figure 5 shows the bremsstrahlung spectrum for 25 GeV electrons traversing 3% and 5% uranium targets. The spectrum agrees well with the LPM Monte Carlo :.
-., --;. _ down to about 25 MeV, while the BH curve is clearly ruled out. Below 25 MeV, the data is significantly higher than -the Monte Carlo. This is because of edge effects as the electron enters and leaves the target.
C. Thin Targets and Edge Effects
If an electron radiates near the target edge, the formation zone can extend outside of the target, where there is no multiple scattering. Then, less LPM suppression occurs.
-I ':. For very thin targets, where the multiple scattering angle, taken over the entire target thickness is less than l/y, LPM suppression should not be present, and a BH emission spectrum should be seen. For thicker targets, one might expect an 'edge effect' to account for scattering near the material boundaries, with the bulk material retaining the LPM spectral emission.
Because the formation zone length scales as Ez/E,, these effects should be photon energy dependent. However, it should also be noted that the formation zone has a maximum length limited by the longitudinal density effect.
The absence of LPM suppression in thin targets and the appearance of edge effects can be explored by comparing spectra from three gold targets, one quite a bit thicker than the formation zone length at these energies (6% Xs, or 200 pm), one comparable to the formation zone length at 30 MeV (1% Xc, or 30 pm), and one much thinner than the formation zone length over the 5-500 MeV range (0.1% Xs, or 3 pm).The spectra for these targets are shown in Fig. 6 . -Gol'dman [24] studied this problem theoretically; unfortunately he did not present his results in closed form. Later, 'I&novskii [25] extended his treatment, and gave clear formulae. Both authors described a sort of transition radiation to mark the change in the electron's forward velocity, as it changes from a straight trajectory to being scattered by collisions with the atoms in the target media. This is intended to be analogous to the more traditional transition radiation. Unfortunately, Ternovskii's formulae are unphysical, and predict transition radiation far in excess of the discrepancies shown in the data.
We can partially bypass these edge effects and measure the bulk LPM effect by subtracting the spectra of two targets of the same material but differing thickness. Figure 6 shows the difference between the 5% and 3% uranium target -- The disagreement with the LPM Monte Carlo is due to an offset introduced by the subtraction procedure. While the Monte Carlo accounts for multiphoton emission, it does not include the additional multiphoton emission due to the transition radiation. Thus, the subtraction procedure removes the transition radiation, but undercompensates for the multiphoton emission, and predicts a smaller cross section than the data. In the future, we plan to fit the edge effects numerically and include them in the Monte Carlo. For the present analysis, it is difficult to predict the magnitude of the correction, but it is not inconsistent with the currently observed discrepancy.
D. Systematic Errors
The major systematic errors come from backgrounds, uncertainties in the electron flux, target thickness and density, -Monte Carlo accuracy, calorimeter calibration, and calorimeter cluster finding. Our preliminary estimates of these systematic errors are summarized in Table 2 .
We have divided the cross section errors into two parts: absolute and relative. The absolute part applies to a measurement of the cross section at 500 MeV, the energy at which we calibrated the calorimeter with an electron beam. The relative part refers to how much the cross section changes across the 5 to 500 MeV range. So, the relative cross section is relevant when considering the shape of the curve.
As previously discussed, the major backgrounds are synchrotron radiation, transition radiation, and nuclear interactions in the target. These backgrounds can only affect the low energy end of the spectrum. The calorimeter calibration uncertainty of 10% is equivalent to shifting the histogram contents sideways by one bin.
The energy uncertainty affects the cross section measurement with a magnitude depending on the slope of the curve du/d log(E,); for the 5% Xc uranium target, it contributes a 2.5% uncertainty in the cross section. Any errors in the cluster finding, either the inclusion of stray noise, or the omission of valid energy, will have a similar effect, but concentrated at the low end of the spectrum.
We measure the target length, width and mass, to find the thickness in g/cm2, to 2% accuracy. Finding the actual density is less straightforward. Graphite can vary significantly in density; for the carbon targets we actually measured their thickness, to find their density, with an estimated 5% systematic error. The uranium targets are too thin and malleable to allow for an accurate thickness measurement; we assign a 1% systematic error to account for natural density variations. The thickness mainly affects the absolute normalization, while the density affects the size of the _ -LPM suppression.
We believe that we know the electron flux to 3% at this point.
The Monte Carlo should represent the Migdal formulae within 3%, with most of the inaccuracy coming from the ' use of interpolations to the data points calculated by Migdal. This can be reduced in the future by using better
These errors are large enough to account for the difference in normalization between the data and Monte Carlo discussed in the previous sections. When the effects of multiphoton pileup in the subtraction procedure are included, they are large enough to account for the discrepancy in Fig. 7 at low energies.
It is worthwhile to briefly discuss the accuracy in Migdal's calculation. Migdal uses a Fokker-Plank expansion to solve his differential equation. This approximation introduces an error of unknown size. We can, however, get one hint about his final accuracy by looking at his equations in the limit of no suppression; they should then match the -BH formulae. Indeed, his equations do match BH to logarithmic accuracy. More quantitatively, for large photon e<ergies, they agree to within 5%.
E. Longitudinal Density Effect
In addition to the data described above, we took some data with the calorimeter gain increased by roughly a factor of 10. This allowed us to study the bremsstrahlung spectrum down to 500 keV, where the longitudinal density effect introduces a large suppression. Because the longitudinal density effect is far less Xc sensitive than the LPM effect, In contrast, at higher energies, loss is via pair production and electromagnetic showers, which spread over a larger region. These conditions call for different data analysis strategies to reduce the backgrounds.
Most of the synchrotron radiation from our spectrometer magnet occurs in a narrow strip downward from the center of the calorimeter. We can eliminate most of the it by requiring that the center of gravity of the calorimeter energy cluster be above the midpoint of the calorimeter. Also, because of the smaller energy deposition size, tighter cluster cuts were used in the analysis.
These cuts lead to Fig. 8 , showing the spectrum from a 6% carbon target. Below 5 MeV, the data drops rapidly. The lower edge of Fig. 8, 500 keV, corresponds to 50 photoelectrons, so photoelectron statistics alone introduce a 14% uncertainty in the energy.
We are now evaluating these contributions in detail, but it is clear that there is significant suppression at low energies.
As a check that it isn't entirely due to the LPM effect, we have studied some of the data taken with 8 GeV electrons.
Because the LPM energy scales as the beam energy squared, whereas the minimum density suppression energy only scales as the beam energy, at 8 GeV LPM suppression should be minimal, but longitudinal density suppression should remain. This data shows that the falloff remains, and so should be due to the longitudinal density effect.
VII. CONCLUSIONS
We have measured the bremsstrahlung photon spectrum from 25 GeV electrons in thin targets of a variety of materials.
For photons with energies of 5 to 500 MeV, the bremsstrahlung spectrum matches that predicted by Landau, Pomeranchuk, and Migdal. For very thin targets, the suppression is reduced or eliminated, as predicted by theory.
We see qualitative evidence for longitudinal density suppression.
A detailed analysis is in progress; we expect a final experimental precision of a few percent, matching the accuracy of the calculations.
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